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The biophysical properties of blood provide useful information on the variation in

hematological disorders or diseases. In this study, a simultaneous measurement

method of RBC (Red Blood Cell) deformability and blood viscoelasticity is

proposed by evaluating hemodynamic variations through micropillars and co-

flowing streams under sinusoidal blood flow. A disposable microfluidic device is

composed of two inlets and two outlets, two upper side channels, and two lower

side channels connected to one bridge channel. First, to measure the RBC deform-

ability, the left-lower side channel has a deformability assessment chamber (DAC)

with narrow-sized micropillars. Second, to evaluate the blood viscoelasticity in

co-flowing streams, a phosphate buffered saline solution is supplied at a constant

flow rate. By closing or opening a pinch valve connected to the outlet of DAC,

blood flows in forward or back-and-forth mode. A time-resolved micro-particle

image velocimetry technique and a digital image processing technique are used to

quantify the blood velocity and image intensity. Then, RBC deformability is eval-

uated by quantifying the blood volume passing through the DAC under forward

flow, and quantifying the variations of blood velocity and image intensity in the

DAC under back-and-forth flow. Using a discrete circuit model, blood viscoelas-

ticity is obtained by evaluating variations of blood velocity and co-flowing

streams. The effect of several factors (period, hematocrit, and base solution) on

the performance is quantitatively evaluated. Based on the experimental results,

the period of sinusoidal flow and hematocrit are fixed at 30 s and 50%, respec-

tively. As a performance demonstration, the proposed method is employed to

detect the homogeneous and heterogeneous blood composed of normal RBCs and

hardened RBCs. These experimental results show that the RBC deformability is

more effective to detect minor subpopulations of heterogeneous bloods, com-

pared with blood viscoelasticity. Therefore, it leads to the conclusion that the pro-

posed method has the ability to evaluate RBC deformability and blood

viscoelasticity under sinusoidal blood flow, with sufficient accuracy and high-

throughput. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973863]

I. INTRODUCTION

Among the various components of blood, red blood cells (RBCs) have a strong relation to

the biophysical properties of blood as RBCs constitute approximately 45% of the blood volume.

The biophysical properties of blood, such as shearing viscosity, viscoelasticity, RBC aggrega-

tion, and RBC deformability,1–3 could provide valuable information on the variations in hema-

tological disorders or diseases.4–8 Among them, RBC deformability plays an essential role in

gas transport and flow regulation.9 In other words, owing to its high flexibility, individual RBC

can pass through extremely narrow-sized capillary or endothelial slits in the spleen.10 However,
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a decrease in the RBC deformability contributes to inducing microvascular occlusion and

impaired perfusion of the peripheral tissues. Therefore, the RBC deformability has been consid-

ered as a promising biomarker for early detection of hematological diseases.

Recently, as microfluidic devices offer many significant advantages over conventional tech-

niques,8 microfluidic-based techniques have been proposed to quantify the RBC deformability.11

First, by precisely manipulating a syringe pump or pressure source, individual RBC passes

through a microfluidic channel sequentially. Then, the deformability of individual RBC is eval-

uated by monitoring the dynamic behaviors of single RBC by means of several parameters such

as the RBC velocity,10,12 electrical impedance,13,14 membrane tension,15 and morphology varia-

tions.16,17 The single RBC-based approach is effective for studying the variations in individual

RBCs, with high sensitivity. However, this method does not provide a high throughput because

it requires precise manipulation of individual RBC in a microfluidic device. Second, after deliv-

ering the diluted blood (Hematocrit [Hct]¼ 1%–5%) into a microfluidic device with micropillars

during a specific duration, RBC deformability is quantified by counting the number of RBCs

trapped in the channel.18,19 This population-based approach can provide high throughput, com-

pared to the single RBC-based approach. However, this method still requires the dilution proce-

dure and fails to provide the dynamic behaviors of RBCs. To resolve these issues, our group

suggests a simple method to evaluate the RBC deformability of blood sample with a high value

of hematocrit (Hct¼ 50%). While the blood is delivered into micropillars under a constant flow

rate, the deformability of RBCs is evaluated by analyzing the temporal variations of blood

velocity or image intensity for a specific duration.20,21 The previous method could provide high

throughput and precise detection of minor differences in subpopulations. However, the previous

method is applied to quantify the RBC deformability and blood viscosity, especially under a

constant blood flow condition. For example, when monitoring the biophysical property of blood

circulating within the ex-vivo or in-vitro closed fluidic circuit, blood was periodically flowed

with a pulsatile pump. Under dynamic blood flows, the quantification parameter and device

operation method should be newly updated. In other words, since RBCs are exposed to pulsatile

blood flow, the previous method still has technical limitations on the measurement of RBC

deformability under pulsatile blood flows. Simultaneously, blood viscoelasticity measurement

should be newly devised to quantify variations of blood rheological properties under pulsatile

blood flows.

In this study, a simple measurement technique of RBC deformability and blood viscoelas-

ticity is suggested by evaluating the oscillation of blood flow through micropillars, and quanti-

fying co-flowing streams in a microfluidic device. A microfluidic analogue of a Wheatstone-

bridge circuit is designed for demonstrating the proposed method. First, to measure the RBC

deformability with high throughput, the microfluidic device has a deformability assessment

chamber (DAC) with narrow-sized micropillars. To induce pulsatile blood flow in the microflui-

dic device, the blood sample is supplied at a sinusoidal flow rate by operating a precise syringe

pump. After closing a pinch valve connected to the outlet of the DAC, back-and-forth blood

flow occurs through the micropillars. Then, the deformability of the RBCs is quantified by ana-

lyzing the temporal variations of blood velocity and image intensity in the DAC. Second, blood

viscoelasticity is obtained by evaluating the temporal variations of blood velocity and co-

flowing streams.

Compared to previous methods, the proposed method has several distinct advantages. First,

the deformability of RBCs can be measured by quantifying forward and back-and-forth blood

flows through micropillars, under pulsatile blood flows. Second, the proposed method has the

ability to simultaneously measure the RBC deformability and blood viscoelasticity. In other

words, blood viscoelasticity is employed to effectively monitor variations of blood rheological

properties under pulsatile blood flows. Third, the proposed method can be used for precisely

detecting minor subpopulations of heterogeneous blood, with accuracy. At last, the suggested

method can evaluate the variations of blood biophysical properties in a label-free and high

throughput fashion (i.e., hematocrit¼ 50%, blood volume¼ 0.3 ml, and test time¼ 20 min).

The feasibility of the proposed method is evaluated by developing a simple mathematical

model and conducting experimental tests. Under sinusoidal blood flow, the effect of various
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factors (period, hematocrit, and base solution) on the performance is quantitatively evaluated. A

simple mathematical model is developed by using discrete fluid elements including resistances

and compliances. Blood viscoelasticity is evaluated with the simple model. As a performance

demonstration, the proposed method is employed to evaluate the homogeneous blood composed

of RBCs that are fixed with the same concentration of glutaraldehyde (GA) solution.

Thereafter, the proposed method is used to detect the minor subpopulations of heterogeneous

blood prepared by partially mixing the normal RBCs and hardened RBCs.

II. METHODS AND MATERIALS

A. The proposed method for quantification of erythrocyte deformability

The measurement technique for evaluating RBC deformability and blood viscoelasticity is

proposed by quantifying the temporal variations of forward and back-and-forth flows, and moni-

toring co-flowing streams, under pulsatile blood flows. Figure 1(A-a) shows a schematic of the

FIG. 1. Proposed method for quantification of the RBC deformability and blood viscoelasticity under pulsatile blood flows.

(A) Schematic diagram of the proposed method including a disposable microfluidic device and two syringe pumps. (a) The

microfluidic device has two inlets (A, B) and two outlets (A, B), two upper side channels, and two lower side channels con-

nected to one bridge channel (BRG). To measure the deformability of RBC, the left-lower side channel has a deformability

assessment chamber (DAC) with narrow-sized micropillars. Blood flow in the DAC is controlled by closing or opening a

pinch valve connected to the end of outlet (A). To induce pulsatile blood flow in the microfluidic device, the blood is deliv-

ered into inlet (A) at a sinusoidal flow rate [QBlood¼QaþQb sin (2pt/T)]. The PBS solution is supplied to inlet (B), at a con-

stant flow-rate (QPBS¼Q0). (b) By opening the pinch valve (i.e., t< ts), blood flows in the DAC in the forward mode. (c)

By closing the pinch valve (i.e., t> ts), blood flows in the DAC in the back-and-forth mode. (B) The average velocities of

blood flow in the DAC (hUiDAC) and bridge channel (hUiBRG) are evaluated using a time-resolved micro-PIV technique.

Using the high-speed camera that is triggered by the function generator at intervals of 0.5 s, two microscopic images are

consecutively captured at a frame rate of 5 kHz. The average image intensity within a specific region of interest (ROI) in

front of the micropillars (hIiDAC) and blood-filled width in the right-lower side channel (aBlood) are quantified using digital

image processing. (C) Microscopic images with respect to (a) forward mode and (b) back-and-forth mode over a period of

time (t) [t¼ 0, T/4, T/2, 3/4T]. Blood (Hematocrit [Hct]¼ 50%) is prepared by adding normal RBCs into autologous plasma.

The period is 30 s (T¼ 30 s). (D) By conducting the time-resolved micro-PIV technique and digital image processing, four

parameters (hUiDAC, hUiBRG, hIiDAC, and aBlood) are obtained for a specific duration. After closing the pinch valve at 720 s

(ts¼ 720 s), hUiDAC is significantly decreased because of blood flowing in the back-and-forth mode in the DAC. The hIiDAC

shows large variations in amplitude. The hUiBRG and aBlood tend to increase, because most of the blood is passed through

the bridge channel instead of the DAC.
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experimental setup including a disposable microfluidic device and two syringe pumps

(neMESYS, Centoni Gmbh, Germany). The microfluidic device has two inlets (A, B) and out-

lets (A, B), two upper side channels, and two lower side channels that are connected to one

bridge channel (BRG). To measure RBC deformability by quantifying hemodynamic variations,

the left-lower side channel is carefully designed to have the DAC with narrow-sized micropil-

lars (Gap¼ 4 lm, depth (h)¼ 4 lm, length (L)¼ 50 lm, and N¼ 43) as shown in Fig. 1(B).

Here, the depth and gap of each micropillar are determined by referring to previous stud-

ies.14,18,22–25 To induce the pulsatile blood flow in the microfluidic device, a blood sample is

supplied to inlet (A) at a sinusoidal flow rate [i.e., QBlood¼QaþQb sin(2pt/T)]. Here, Qa and

Qb denote the mean flow rate (i.e., Qa¼ 1 ml/h) and amplitude flow rate (i.e., Qb¼ 0.5 ml/h),

respectively. T represents the period of blood flow rate. The phosphate buffered saline (PBS)

solution, as a reference fluid, is delivered into inlet (B) at a constant flow rate (i.e.,

QPBS¼Q0¼ 1 ml/h). To control blood flows (i.e., forward and back-and-forth modes) in the

DAC, a pinch valve is connected to the outlet (A). By opening the pinch valve for a specific

duration (t< ts), blood flows in the forward mode as shown in Fig. 1(A-b). After the specific

duration is elapsed (t> ts), blood flows in the back-and-forth mode as shown in Fig. 1(A-c).

Using the high-speed camera triggered by the function generator at intervals of 0.5 s, two

microscopic images are consecutively captured at a frame rate of 5 kHz. As shown in Fig. 1(B),

the average velocities of blood fields in the DAC (hUiDAC) and bridge channel (hUiBRG) are

evaluated by conducting a time-resolved micro-particle image velocimetry (PIV) technique. In

addition, the average values of image intensity within a specific region of interest (ROI) in front

of the micropillars (hIiDAC) and the blood-filled width in the right-lower side channel (aBlood)

are quantified by conducting digital image processing.

As a preliminary study, a blood sample (Hct¼ 50%) is prepared by adding normal RBCs

into autologous plasma. The period is set to 30 s (i.e., T¼ 30 s). Figures 1(C-a) and 1(C-b) show

sequential microscopic images during a single period of time (t) [t¼ 0, T/4, T/2, and 3/4T] with

respect to the forward mode and back-and-forth mode. After a conducting time-resolved micro-

PIV technique and digital image processing, four parameters (hUiDAC, hUiBRG, hIiDAC, and

aBlood) are obtained for a specific duration as shown in Fig. 1(D). After closing the pinch valve at

720 s (i.e., ts¼ 720 s), hUiDAC is significantly decreased. The hIiDAC shows large variations in

amplitude. However, the blood velocity in the BRG (hUiBRG) and the blood-filled width in co-

flowing streams (aBlood) are increased because most blood pass through the BRG.

B. Mathematical formula of blood viscoelasticity under pulsatile blood flow

To quantify the blood viscoelasticity under pulsatile blood flow, a simple analytical expres-

sion is developed with discrete fluidic elements. As shown in Fig. S1(A) (supplementary material),

blood is delivered into inlet (A) at a sinusoidal flow rate [i.e., QBlood¼QaþQb sin(2pt/T)]. PBS

solution is supplied into inlet (B) at a constant flow rate (i.e., QPBS¼Q0). After closing a pinch

valve connected to outlet (A), blood flow is changed from the forward mode to back-and-forth

mode in the DAC. Thereafter, most bloods pass through the BRG. Blood and the PBS solution

are formed as co-flowing streams in the lower-right side channel. Here, aBlood and a0 denote the

blood-filled width and PBS-filled width, respectively. Under the sinusoidal blood flow, blood

includes viscosity and elasticity. The viscoelastic effect of blood is modeled with a resistance

element (Rx) and a compliance element (Cx). In addition, the viscosity effect of the PBS solu-

tion is modeled with a resistance element (R0).

Figure S1B (supplementary material) shows the discrete fluidic model of the proposed

microfluidic system. The viscoelastic effect of blood in the BRG is modeled with a resistance

element (RBRG) and a compliance element (C1) combined in parallel. Blood flows in microflui-

dic channels are modeled with resistance elements (RBRG, Rx, R0), compliance elements (C1,

Cx), and pressures (Pm, Pn) for junction points (m, n).

First, by applying the flow-rate conservation law at the junction point (m), blood flow

(QBlood) is expressed as
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QBlood ¼
Pm � Pn

RBRG
þ C1

d

dt
Pm � Pnð Þ: (1)

Using the blood flow (Q1) through the resistance element (RBRG), the pressure drop (i.e.,

DP1¼Pm–Pn) is expressed as DP1¼RBRG�Q1. Using the pressure drop expression, the blood

flow (QBlood) is simply derived as

QBlood ¼ kBRG
d

dt
Q1 þ Q1: (2)

In Eq. (2), kBRG is denoted as kBRG¼RBRG�C1. The resistance (RBRG) is expressed as

RBRG¼ 12lBlood�LBRG/(W h3). Here, LBRG denotes the channel length of the bridge channel. By

conducting a harmonic analysis with Q1¼QaþQb sin(2pt/T), the analytical solution of the

flow rate (Q1) is analytically derived as

Q1 ¼ Qa þ
Qbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ kBRG
2 � 2p

T

� �2
s sin

2pt

T
� /

� �
: (3)

In Eq. (3), the phase angle (/) is given as /¼ tan�1 (2pkBRG/T). Using Eq. (3), pulsation index

(PI),26 which is defined as the ratio of the difference between the maximum flow rate (Qmax), and

the minimum flow rate (Qmin) to the average flow rate (Qave), is analytically derived as

PI ¼ Qb

Qa
� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ kBRG
2 � 2p

T

� �2
s : (4)

Using the analytical formula of the PI, Eq. (4), the time constant (kBRG) can be evaluated by

analyzing the temporal variation of blood flow in the bridge channel (i.e., hUiBRG) under sinu-

soidal blood flow.

Second, by using the flow-rate conservation law of two fluids at a junction point (n), the

following equations are given as Eqs. (5) and (6)

QBlood ¼ Cx
d

dt
Pnð Þ þ

Pn

Rx
; (5)

QPBS ¼
Pn

R0

: (6)

Substituting Eq. (6) into Eq. (5), the flow rate ratio of blood in relation to the PBS solution

(QBlood/QRef) is derived as Eq. (7)

QBlood

QPBS
¼ Cx

d

dt
R0ð Þ þ

R0

Rx
: (7)

In Eq. (7), the fluidic resistances of blood sample (Rx) and PBS solution (R0) can be approxi-

mately expressed as Rx¼ 12lBlood�Lx/(aBlood�W�h3) and R0¼ 12l0�Lx/[(1–aBlood)�W�h3] for a rect-

angular microfluidic channel with extremely low-aspect ratio (i.e., h/W¼ 4/250). When the

resistances (Rx and R0) are substituted into Eq. (7), the first order differential equation is

derived as Eq. (8)

ksc
d

dt

1

1� aBlood

� �
þ 1

1� aBlood

� �
¼ QBlood

QPBS

� �
lBlood

l0

� �
þ 1: (8)
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In Eq. (8), the time constant (kSC) is expressed as kSC¼Cx�RBRG�Lx/LBRG. Here, Lx denotes the

channel length of the right-lower side channel. For a simple derivation procedure, it is assumed

that blood viscosity remained constant without respect to blood-filled width (aBlood).27 In addi-

tion, the time constants (kBRG, kSC) have a linear relationship (i.e., kSC¼ a1kBRGþa2). After

integrating both sides of Eq. (8) for a single period (T) and re-arranging it, the formula of blood

viscosity (lBlood) is given as

lBlood ¼
l0

T

� �
Q0

Qa

� �
kSC

ðT

0

d

dt

1

1� aBlood

� �
dtþ

ðT

0

dt

1� aBlood
� T

" #
: (9)

After estimating kBRG from Eq. (4), kSC is estimated from the linear relationship evaluated

through experimental procedures. Blood viscosity (lBlood) is evaluated by inserting kSC into Eq.

(9). Thereafter, the elasticity of blood (GBlood) is estimated from the time constant formula of

the Maxwell model (i.e., kSC¼ lBlood/GBlood).28

C. Fabrication of a microfluidic device and experimental procedure

A microfluidic device was designed to have two inlets (A, B), two outlets (A, B), and

upper side channels (width [W]¼ 250 lm) and right-lower side channels (W¼ 250 lm) con-

nected to one bridge channel (W¼ 250 lm). To design both side channels with a low aspect

ratio (i.e., h/W � 1), the channel depth was set to 4 lm (i.e., h¼ 4 lm). A silicon mold was

fabricated using the conventional micro-electro-mechanical-system techniques including photoli-

thography and deep reactive-ion etching (DRIE). After mixing polydimethylsiloxane (PDMS) at

10:1 ratio with a curing agent, the mixture was poured onto the silicon mold positioned in a

Petri dish. The air bubbles dissolved in the PDMS were completely removed by operating a

vacuum pump for 2 h. After curing the PDMS in a convection oven at a temperature of 80 �C
for 2 h, the PDMS block was peeled off from the silicon mold. After treating the oxygen

plasma (CUTE-MPR, Femto Science Co., South Korea) on the PDMS block and on a glass sub-

strate simultaneously, the microfluidic device was prepared by bonding the PDMS block to the

glass substrate.

The microfluidic device was mounted on an optical microscope (Olympus, Tokyo, BX51)

equipped with a 4� objective lens (NA¼ 0.1). Two polyethylene tubes (inner diameter¼ 250 lm,

length¼ 300 mm) and two polyethylene tubes (inner diameter¼ 250 lm, length¼ 100 mm) were

connected to two inlets and outlets, respectively. A pinch valve was installed at the end of the

polyethylene tube connected to outlet (A). To remove air bubbles in the microfluidic channel and

avoid non-specific binding of plasma protein to the inner surface of the microfluidic channel, 1%

Bovine Serum Albumin (BSA) diluted with 1� PBS solution (pH 7.4, GIBCO, Life

Technologies, South Korea) was delivered into the microfluidic device, at a flow rate of 1 ml/h

for 20 min. Thereafter, two syringes filled with the blood and PBS solution were connected to the

end of the polyethylene tube connected to inlets (A, B). A high-speed camera (FASTCAM MINI,

Photron, USA.) was employed for capturing the blood flows in microfluidic channels. The camera

has a spatial resolution of 1280� 1000 pixels. Each pixel corresponds to 10 lm. When a function

generator (WF1944B, NF Corporation, Japan) triggered the high-speed camera at intervals of 0.5

s, two microscopic images were sequentially captured at a frame rate of 5 kHz. All experiments

were conducted at a room temperature of 25 �C.

D. Quantifications of blood physical properties

First, to evaluate the temporal variations of blood flow in the DAC and BRG, velocity

fields were obtained by conducting a time-resolved micro-PIV technique. Two specific ROIs

(50 � 60 pixels) in the DAC and BRG were selected to obtain the velocity fields of blood

flow, as shown in Fig. 1(B). The size of the interrogation window was 16� 16 pixels. Window

overlap was 50%. The obtained velocity fields were validated with a median filter. The average
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velocities of blood flow in the DAC and BRG (hUiDAC, hUiBRG) were calculated as an arith-

metic average over the ROI.

Second, to evaluate variations of image intensity of blood that flows in the DAC, a specific

ROI (730 � 20 pixels) was selected in front of the micropillars, as shown in Fig. 1(B). The

average of pixel values over the ROI (hIiDAC) was estimated by performing digital image proc-

essing with a commercial software (Matlab, Mathworks, USA).

Finally, a specific ROI (40� 50 pixels) was selected for evaluating the blood-filled width

(aBlood) in the right-lower side channel, as shown in Fig. 1(B). Using the commercial software

(Matlab, Mathworks, USA), the temporal variations of aBlood were evaluated quantitatively. To

detect the interfacial line between two fluids, the captured images were converted into binary

images with Otsu’s method. By conducting an arithmetic average of pixel values over the ROI,

the blood-filled width (aBlood) was obtained with an elapse of time. The viscosity of the PBS

solution was assumed to be 1 6 0.05 cP.29

E. Sample preparation of test fluids

To evaluate RBC deformability and blood viscoelasticity with the proposed method, vari-

ous blood samples were prepared by adding human RBCs to the base solution (Plasma, 1�
PBS). Concentrated RBCs and plasma were provided by the Gwangju-Chonnam Blood Bank

(Gwangju, South Korea). Hematocrits of normal blood (Hct¼ 20%, 30%, 40%, and 50%) were

adjusted by adding normal RBCs to the base solution (plasma, 1� PBS). Three concentrations

of glutaraldehyde (GA) solution (CGA¼ 0.13%, 0.25%, and 0.38%) were diluted by adding GA

solution (Grade II, 25% in H20, Sigma-Aldrich, USA) into a 1� PBS solution. Normal RBCs

were hardened after dipping the normal RBCs into the diluted GA solution for a specific dura-

tion of 10 min. Thereafter, homogeneous hardened blood samples were prepared by adding

hardened RBCs to 1� PBS solution. On the other hand, heterogeneous blood mixed with hard-

ened blood volume-fraction (i.e., w¼VHard/[VHardþVNorm]) (w¼ 0%, 10%, 20%, and 100%)

were prepared by partially adding the hardened blood into the normal blood. Here, VHard and

VNorm denote the hardened blood volume and the normal blood volume, respectively. The

hematocrit of blood was carefully adjusted to 50%.

F. Statistical analysis

In this study, the statistical analysis was conducted with a statistical software (MINITAB,

Minitab Inc., USA). T-test and ANOVA-test were applied to statistically determine the equality

of two groups and the difference among group means. For all tests, if the P-value is less than

0.05, the result is considered as significant within the 95% confidence interval. The number of

data is determined by the forward mode and back-and-forth mode. For the forward mode, the

number of data is one. But, the back-and-forth mode changes the number of data depending on

the period. For example, at the period of 30 s (i.e., T¼ 30 s), the number of data is largely over

10 (i.e., N> 10). On the other hand, at least three samples were used to evaluate the performance

of the proposed method.

III. RESULTS AND DISCUSSION

A. Quantitative comparison between time constants obtained by blood velocity

and co-flowing streams

A linear relationship (i.e., kSC¼ a1kBRGþ a2) between time constants (kBRG, kSC) was veri-

fied by analyzing the blood flow in the bridge channel (hUiBRG) and the blood-filled width

(aBlood) with an elapse of time. Here, the normal blood (Hct¼ 50%) was prepared by adding

normal RBCs into base solution (1� PBS, Plasma). To evaluate the time constants under tran-

sient blood flow, the normal blood was delivered into inlet (A) at a periodic pulse-shaped flow

rate (i.e., Qmax¼ 1 ml/h, Qmin¼ 0, T¼ period). PBS solution was supplied into inlet (B), at a

constant flow rate of 1 ml/h (i.e., QPBS¼ 1 ml/h).
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Figure S2(A-a) (supplementary material) shows the temporal variations of hUiBRG and

aBlood for the normal blood (RBCs in PBS suspension, Hct¼ 50%), at a period of 240 s (i.e.,

T¼ 240 s). The temporal variations of hUiBRG and (1–aBlood)�1 were best fitted as hUiBRG¼ a1

exp(�t/k1) þ a2 exp(�t/k2) and (1–aBlood)�1¼ b1 exp(�t/k1) þ b2 exp(�t/k2), respectively.

Two time constants (k1, k2) were obtained by conducting a regression analysis with a commer-

cial software (Matlab, Mathworks, USA). The inset shows the temporal variations of hUiBRG

and (1–aBlood)�1 for a specific duration of 120 s. As a result, as k1 is much shorter than k2, k1

was only employed to evaluate the time constants of hUiBRG and (1–aBlood)�1. As shown in

Fig. S2(A-b) (supplementary material), the time constants of hUiBRG and (1–aBlood)�1 were esti-

mated as kBRG¼ 5.03 6 0.88 s and kSC¼ 4.84 6 0.37 s, respectively.

To evaluate the linear relationship between time constants (kBRG, kSC), the time constants

were measured with respect to period (T) and base solution (Plasma, 1� PBS). Figure S2(B-a)

(supplementary material) shows the time constants of the blood sample (RBCs in PBS suspen-

sion, Hct¼ 50%) when the period (T) is varied (T¼ 120 s, 180 s, and 240 s). In addition, Figure

S2(B-b) (supplementary material) shows time constants of the blood sample (RBCs in Plasma

suspension, Hct¼ 50%) with respect to the period (T). As shown in Fig. S2(B-c) (supplementary

material), the linear relationship of the time constants (i.e., kBRG¼ k1 [hUiBRG], kSC¼ k1 [(1-

aBlood)�1]) was distinctly shown by plotting the sets of experimental results. By conducting a

linear regression analysis, it was shown that two time constants have a significantly linear rela-

tionship (i.e., kSC¼ 1.96kBRG–5.38) owing to a sufficiently high value of R2 (i.e., R2¼ 0.92).

These results lead to the conclusion that the time constant of co-flowing streams (kSC) can be

estimated from the time constant (kBRG) obtained from the blood velocity in the bridge channel

(kBRG).

B. The effect of period on RBC deformability

To evaluate the effect of the period of sinusoidal blood flow on RBC deformability, the

temporal variations of average velocity (hUiDAC) and average intensity (hIiDAC) in the DAC

were obtained by varying the period of sinusoidal blood flow rate. Here, a blood sample

(Hct¼ 50%) was prepared by adding normal RBCs into a PBS solution. Figure 2(A) shows the

temporal variations of average velocity in the DAC (hUiDAC) with respect to period (T) (T¼ 0,

FIG. 2. Quantitative evaluations of the proposed method with a varying period of sinusoidal blood flow rate. (A) The tem-

poral variations of blood velocity in the DAC (hUiDAC) with respect to period (T) of sinusoidal blood flow rate (T¼ 0, 30 s,

and 60 s). The inset shows the temporal variations of hUiDAC with the pinch valve closed. (B) Variations of image intensity

of blood within a specific ROI (hIiDAC) with respect to period. The inset shows the definition of DhIiDAC (i.e.,

DhIiDAC¼maximum value of hIiDAC – minimum value of hIiDAC) with the pinch valve closed. (C) Variations of blood vol-

ume passing through the DAC (DVBlood) with respect to period under forward blood flow. (D) Variations of hUirms
DAC and

DhIiDAC with respect to period with the pinch valve closed. Here, the hUirms
DAC represents the root mean square (rms) of

hUiDAC.
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30 s, and 60 s). As a result, the hUiDAC tends to increase with increasing period ranging from

T¼ 0 to T¼ 60 s. In other words, RBCs might pass through the micropillars with ease, under

pulsatile blood flow. After closing the pinch valve above 600 s, the blood flow was changed

from forward mode to back-and-forth mode. The inset shows the temporal variations of hUiDAC

with the pinch valve closed (i.e., back-and-forth mode). In addition, Figure 2(B) shows the tem-

poral variations of the average intensity of a blood sample within a specific ROI (hIiDAC) with

varying periods. The inset shows the definition of DhIiDAC (i.e., DhIiDAC¼maximum value of

hIiDAC – minimum value of hIiDAC) with the pinch valve closed.

First, under forward blood flow, the blood volume passing through the DAC (DV) was cal-

culated by integrating blood velocity (hUiDAC) for the specific duration of 600 s (i.e., ts¼ 600 s)

with the pinch valve opened. In other words, DV¼Ac�
Ð t¼ts

t¼0
hUi

DAC
dt. The term Ac denotes the

cross-sectional area of the rectangular microfluidic channel. Figure 2(C) shows variations of DV
with increasing period. The result indicates that the DV for a sinusoidal blood flow (T¼ 30 s,

and 60 s) is much larger than that of a steady blood flow (T¼ 0). In other words, taking into

account the fact that the average value of flow rate is identical for steady pulsatile blood flows,

the amplitude of pulsatile flow might contribute to increasing the DV. From this result, the

blood volume (DV) passing through the narrow-sized micropillars is largely increased, espe-

cially under pulsatile blood flow rather than steady blood flow.

Second, under back-and-forth blood flow, hUirms
DAC and DhIiDAC were obtained with respect

to the period. Here, hUirms
DAC was estimated using the mathematical expression: hUirms

DAC

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

Ð t¼T
t¼0
hUiDAC

2
dt

q
. As shown in Fig. 2(D), the hUirms

DAC and DhIiDAC were varied depending

on the period. As three parameters (DV, hUirms
DAC, and DhIiDAC) are influenced by the period,

blood was delivered at a fixed period of T¼ 30 s during all following experiments.

C. The effect of hematocrit and base solution on RBC deformability and blood

viscoelasticity

To verify the effect of hematocrit and base solution (1� PBS, Plasma) on the RBC deform-

ability and blood viscoelasticity, blood with various hematocrits were prepared by adding nor-

mal RBCs into the base solution (1� PBS, Plasma). Figure 3(A-a) shows the temporal varia-

tions of hUiDAC and aBlood with respect to the base solution (1� PBS, Plasma) by sequentially

opening and closing the pinch valve. Here, two blood samples (Hct¼ 50%) were prepared by

adding normal RBCs into the PBS solution or Plasma. The inset shows the temporal variations

of hUiDAC with the pinch valve closed. As the viscosity of PBS solution is lower than that of

the Plasma (i.e., lPBS<lPlasma), the blood flow of RBCs in a PBS suspension is higher than

that of the RBCs in a Plasma suspension (i.e., hUiPBS > hUiPlasma). Under forward blood flow,

the variations of DV and b were evaluated by varying hematocrit (Hct) (Hct¼ 20%, 30%, 40%,

and 50%). Here, b was evaluated by integrating aBlood for the specific duration of ts¼ 600 s

(i.e., b ¼
Ð ts

t¼0
aBlood dt). As shown in Fig. 3(A-b), the volume of RBCs in PBS suspension

(DVPBS) is larger than the volume of RBCs in Plasma suspension (DVPlasma) (i.e.,

DVPBS>DVPlasma). In addition, the blood-filled width of RBCs in Plasma suspension (bPlasma)

is larger than that of RBCs in PBS suspension (bPBS) (i.e., bPlasma>bPlasma). Furthermore, b
tends to increase with respect to hematocrit. However, the hematocrit does not significantly

contribute to varying the DV. The inset shows a linear relationship between DV and b.

According to the linear regression analysis, they both have a significantly linear relationship,

because of a statistically significant value of R2 (i.e., R2¼ 0.69, P-value¼ 0.01). This result

indicates that b can be effectively employed to evaluate the RBC deformability, especially

without quantification of blood velocity.

After closing the pinch valve (i.e., back-and-forth mode), the variations of hUirms
DAC and

DhIiDAC were evaluated by varying the hematocrit and base solution, as shown in Figs. 3(B-a)

and 3(B-b). As a result, hematocrit does not significantly contribute to changing hUirms
DAC (i.e.,

P-value¼ 0.651, ANOVA-test) and DhIiDAC (i.e., P-value¼ 0.516, ANOVA-test). In addition,

hUirms
DAC of RBCs in plasma suspension is larger than that of RBCs in PBS suspension (i.e.,
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P-value¼ 0.115, ANOVA-test). This result might infer that RBCs in plasma suspension have a

higher deformability than RBCs in PBS suspension. Therefore, the blood velocity tends to

increase at a high value of RBC deformability. In other words, the higher RBC deformability

causes to decrease the fluidic resistance. In addition, DhIiDAC does not show significant varia-

tions with respect to hematocrit (i.e., P-value¼ 0.516, ANOVA-test) and base solution (i.e.,

P-value¼ 0.961, ANOVA-test). The inset of Fig. 3(B-b) shows the temporal variations of

hIiDAC with respect to hematocrit for RBCs in PBS suspension. From these experimental results,

it leads to the conclusion that the hematocrit does not significantly contribute to changing

hUirms
DAC and DhIiDAC under back-and-forth flow.

On the other hand, after closing the pinch valve (i.e., back-and-forth mode), most of blood

injected from the syringe pump flowed through the bridge channel (BRG). Thus, the blood and

PBS solution were formed as co-flowing streams in the right-lower side channel. Here, the vis-

cosity (lBlood) and time constant (kSC) of blood flowing in the right-lower side channel were

obtained using Eqs. (4) and (9). Thereafter, the blood elasticity (GBlood) was calculated using

the linear viscoelasticity Maxwell model (i.e., GBlood¼ lBlood/kSC).27,28,30 As shown in Figs.

3(C-a) and 3(C-b), variations of viscosity (lBlood) and elasticity (GBlood) were evaluated with

respect to base solution and hematocrit. As a result, RBCs in Plasma suspension have a higher

FIG. 3. Quantitative evaluation of the effect of factors, including hematocrit and base solution, on the performance of the

proposed method. (A) Quantitative evaluations of hUiDAC and aBlood with respect to hematocrit (Hct) and base solution. (a)

The temporal variations of hUiDAC and aBlood with respect to base solution (1� PBS, Plasma) by opening and closing the

pinch valve sequentially. Two blood samples (Hct¼ 50%) are prepared by adding normal RBCs into the PBS solution or

Plasma. The inset shows the temporal variations of hUiDAC with the pinch valve closed. (b) Variations of DV and b with

respect to hematocrit (Hct) (Hct¼ 20%, 30%, 40%, 50%). Here, b was evaluated by integrating aBlood for 600 s, especially

under forward blood flows. The inset shows the linear relationship between DV and b. (B) Quantitative evaluations of

hUirms
DAC and DhIiDAC under back-and-forth blood flow. (a) Variations of hUirms

DAC with respect to hematocrit and base

solution. (b) Variations of DhIiDAC with respect to hematocrit and base solution. The inset shows the temporal variations of

hIiDAC with respect to hematocrit of RBCs in PBS suspension. (C) Quantitative evaluation of blood viscoelasticity. (a)

Variations of viscosity (lBlood) with respect to hematocrit and base solution. (b) Variations of elasticity (GBlood) with

respect to hematocrit and base solution.
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value of blood viscosity compared to RBCs in PBS suspension (i.e., P-value¼ 0.005, ANOVA-

test). Blood viscosity also tends to increase with increasing hematocrit (i.e., P-value¼ 0.032,

ANOVA-test). On the other hand, RBCs in Plasma suspension have a higher value of blood

elasticity compared to RBCs in PBS suspension (i.e., P-value¼ 0.005, ANOVA-test).

Furthermore, the elasticity of RBCs in Plasma suspension tends to increase, especially above

30% hematocrit (i.e., Hct > 30%). However, the elasticity of RBCs in PBS suspension remained

constant, without respect to hematocrit (i.e., P-value¼ 0.272, ANOVA-test). These results show

a consistency in trend with respect to hematocrit compared to the previous study.21,28 These

experimental results lead to the conclusion that the proposed method has the ability to measure

the RBC deformability and blood viscoelasticity under sinusoidal blood flow with sufficient

accuracy.

D. Deformability and viscoelasticity of homogeneous hardened RBCs

As a performance demonstration of the proposed method, the RBC deformability and blood

viscoelasticity were simultaneously evaluated by monitoring blood velocity in the DAC

(hUiDAC), image intensity in the DAC (hIiDAC), and blood-filled width in co-flowing streams

(aBlood) with an elapse of time. Here, hardened RBCs were prepared by dipping normal RBCs

into three concentrations of glutaraldehyde (GA) solution (CGA¼ 0.13%, 0.25%, and 0.38%)

for a specific duration of 10 min. Here, the concentrations of GA solution were carefully deter-

mined to rigidify the flexible membrane of individual RBCs. Hardened blood (Hct¼ 50%) was

prepared by adding homogeneous RBCs fixed with the same concentration of GA solution into

a 1� PBS solution. Thereafter, the proposed method was employed to measure the RBC

deformability for hardened blood composed of hardened RBCs. Figure 4(A) shows the temporal

variations of hUiDAC for blood which was prepared by adding normal RBCs or homogeneous

RBCs fixed with 0.13% GA solution (CGA¼ 0.13%) into a 1� PBS solution. Before closing the

pinch value at about 630 s (i.e., forward mode), the hUiDAC of normal blood was much higher

than that of hardened blood. In other words, as hardened RBCs continually clogged the micro-

pillars, the hUiDAC of hardened blood was decreased abruptly compared to normal blood. The

inset shows the temporal variations of hUiDAC with the pinch valve closed (i.e., back-and-forth

mode). Here, the hUiDAC of hardened blood is much smaller than that of normal blood. Figure

4(B) shows the temporal variations of hIiDAC with respect to normal blood and hardened blood

composed of hardened RBCs with CGA¼ 0.13% (i.e., CGA¼ 0.13%). The inset shows the tem-

poral variations of hIiDAC with the pinch valve closed. As hardened RBCs were continually

clogged in the micropillars, the hIiDAC of fixed blood dramatically decreased within a short

time. Thus, the hIiDAC showed small variations in amplitude compared with normal blood.

Figure 4(C) shows the temporal variations of hUiBRG and aBlood with respect to normal blood

and hardened blood (i.e., CGA¼ 0.13%). As a result, the aBlood of hardened blood is larger than

that of normal blood. In other words, the deformability of RBC contributes to increasing blood-

filled width (aBlood) in co-flowing streams in the right-lower side channel.

During forward blood flow, the variations of DV and b were evaluated with increasing con-

centration of GA solution (CGA) (CGA¼ 0%, 0.13%, 0.25%, and 0.38%). As shown in Fig.

4(D), the volume (DV) decreased with an increasing concentration of GA solution. However, b
increased with an increasing concentration of GA solution. As DV is lower at higher concentra-

tions of GA solution, blood flow rate increases in the right-lower side channel. Thus, the blood-

filled width (aBlood) and b tend to increase at higher concentrations of GA solution. The insets

show the linear relationship between DV and b. Because the linear regression analysis provides

a high value of R2 (R2¼ 0.91), it is found that DV and b have a strongly linear relationship.

Furthermore, b can be used to monitor the RBC deformability by monitoring the co-flowing

streams in a microfluidic channel.

During the back-and-forth blood flow, the variations of hUirms
DAC and DhIiDAC were evalu-

ated with increasing concentrations of GA solution. As shown in Fig. 4(E), the hUirms
DAC and

DhIiDAC of hardened blood (i.e., CGA� 0.13%) was much smaller than that of normal blood.

Above 0.13% concentration of GA solution (i.e., CGA> 0.13%), they both were remained
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constant. In other words, the proposed method does not provide a significant difference of hard-

ened blood composed of RBCs fixed with GA solutions with concentrations above 0.13%.

On the other hand, to evaluate the blood rheological properties, blood viscoelasticity was

measured by monitoring the temporal variations of hUiBRG and aBlood under the back-and-

forth blood flow. Figure 4(F) shows variations of lBlood and GBlood with increasing concentra-

tions of GA solution. As expected, the blood viscosity (lBlood) tends to increase at higher

concentrations of GA solution. In addition, blood elasticity (GBlood) tends to increase with

increasing concentrations of GA solution. This result shows a more consistent trend of blood

viscoelasticity depending on the concentration of GA solution as compared to the previous

study.28

E. Deformability and viscoelasticity of heterogeneous hardened RBCs

Finally, the proposed method was employed to detect minor subpopulations of heteroge-

neous blood that was prepared by partially mixing normal blood into hardened blood. Hardened

blood (Hct¼ 50%) was prepared by adding RBCs fixed with 0.13% GA solution into 1� PBS

solution. Normal blood (Hct¼ 50%) was also prepared by adding normal RBCs into 1� PBS

solution. Hardened blood volume-fraction (w) is defined as the volume ratio of hardened blood

in relation to the total blood volume (i.e., w¼VHard/[VNormþVHard]). Figure 5(A) shows the

variations of DV with increasing w (w¼ 0%, 10%, 20%, and 100%), under forward blood flow.

FIG. 4. Performance evaluation of the proposed method for detecting homogeneous hardened blood composed of RBCs

hardened by adding glutaraldehyde (GA) solution. (A) The temporal variations of hUiDAC for blood prepared by adding

normal RBCs or hardened RBCs with 0.13% GA solution (CGA ¼ 0.13%) into PBS solution. The inset shows the temporal

variations of hUiDAC with the pinch valve closed. (B) The temporal variations of hIiDAC with respect to normal blood and

fixed blood (CGA¼ 0.13%). The inset shows the temporal variations of hIiDAC with the pinch valve closed. (C) The tempo-

ral variations of hUiBRG and aBlood with respect to normal blood and hardened blood (CGA¼ 0.13%). (D) Variations of DV
and b with increasing GA concentration (CGA) (CGA¼ 0%, 0.13%, 0.25%, and 0.38%) under forward blood flow. The inset

shows the linear relationship between DV and b. (E) Variations of hUirms
DAC and DhIiDAC with increasing concentration of

GA solution. (F) Variations of lBlood and GBlood with increasing concentration of GA solution (CGA).
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Here, w¼ 0 and w¼ 100% denote the normal blood volume (VNorm) and hardened blood vol-

ume (VHard), respectively. The inset shows the temporal variations of hUiDAC depending on the

hardened blood volume-fraction (w) (w¼ 0%, 10%, 20%, and 100%). As a result, the DV of

blood with minor subpopulations of fixed RBCs (w¼ 10%) decreased significantly compared to

the normal blood (w¼ 0). This result indicates that blood volume passing through the DAC

(DV) can be effectively employed to detect minor subpopulations of hardened RBCs. Under

back-and-forth blood flow, the variations of hUirms
DAC were obtained with increasing hardened

blood volume-fraction (w), as shown in Fig. 5(B). The inset shows the temporal variations of

hUiDAC with respect to w. From this result, the heterogeneous hardened blood with a minor sub-

population of fixed RBCs (w¼ 10%) has a much lower value of blood velocity compared to

normal blood (w¼ 0) (i.e., P-value¼ 0.001, T-test). Figure 5(C) shows variations of DhIiDAC

with respect to w. The insets show the temporal variations of hIiDAC with respect to w. As a

result, hardened blood with a minor subpopulation of fixed RBCs (w¼ 10%) has a much lower

value of DhIiDAC compared to normal blood (i.e., P-value¼ 0.001, T-test). On the other hand,

as shown in Fig. 5(D), variations of viscosity (lBlood) and elasticity (GBlood) were obtained by

varying hardened blood volume-fraction (w). Blood with w > 20% shows potential variations

of viscosity (i.e., P-value¼ 0.325, T-test) and elasticity (i.e., P-value¼ 0.055, T-test) compared

to normal blood. This result might infer that hemodynamic variations in the DAC (i.e., DV, b,

hUirms, DI) can be effectively employed to detect the minor subpopulations in heterogeneous

hardened blood, compared to variations of blood viscoelasticity.

These experimental results lead to the conclusion that the proposed method has the ability

to evaluate the RBC deformability by monitoring the blood velocity (hUiDAC) and image inten-

sity (hIiDAC) in the DAC with micropillars, especially under pulsatile blood flow. At the same

time, blood viscoelasticity can be evaluated by monitoring the temporal variations of co-

flowing streams under pulsatile blood flow. Furthermore, the proposed method can be used for

precise detection of minor subpopulations of heterogeneous blood with sufficient accuracy and

high-throughput.

FIG. 5. Performance evaluation of the proposed method for heterogeneous hardened blood prepared by partially mixing the

normal blood into hardened blood. Hardened blood is prepared by adding RBCs fixed with 0.13% GA solution into PBS

solution. The hematocrit of each blood is adjusted at 50%. (A) Variations of DV with increasing hardened blood volume-

fraction (w) (w¼ 0%, 10%, 20%, and 100%). Here, w¼ 0 and w¼ 100% denote only the normal blood (VNorm) and hard-

ened blood (VHard), respectively. The inset shows the temporal variations of hUiDAC with respect to hardened blood

volume-fraction (w). (B) Variations of hUirms
DAC with respect to hardened blood volume-fraction (w). The inset shows the

temporal variations of hUiDAC with the pinch valve closed. (C) Variations of DhIiDAC with respect to hardened blood

volume-fraction (w). The inset shows the temporal variations of hIiDAC with respect to hardened blood volume-fraction (w).

(D) Variations of lBlood and GBlood with respect to hardened blood volume-fraction (w).
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IV. CONCLUSION

In this study, a simple measurement technique of RBC deformability and blood viscoelas-

ticity was proposed by evaluating the forward flow and back-and-forth flow through micropil-

lars and co-flowing streams under sinusoidal blood flow. To demonstrate the proposed method,

the microfluidic device was mimicked from an electric Wheatstone-bridge circuit. The left-

lower side channel was designed to have a unique deformability assessment chamber (DAC)

with narrow-sized micropillars. By closing or opening a pinch valve connected to the DAC,

blood flow was significantly changed depending on the forward mode or back-and-forth mode.

A time-resolved micro-PIV technique and digital image processing technique were applied to

quantify the temporal variations of blood velocity (hUiDAC) and image intensity (hIiDAC) in the

DAC. Then, RBC deformability was evaluated by quantifying DV and b under forward flow, as

well as hUirms
DAC and DhIiDAC under back-and-forth flow. On the other hand, blood viscoelas-

ticity was measured to monitor the temporal variations of hemorheological properties under

dynamic blood flow. The effect of various factors (period, hematocrit, base solution) on the per-

formance was evaluated by quantifying the hemodynamic variations. Then, to provide consis-

tent experimental results, period (T) and hematocrit (Hct) were fixed at T¼ 30 s and Hct¼ 50%,

respectively. Finally, the proposed method was employed to detect the minor subpopulations of

heterogeneous hardened blood with partially mixing normal RBCs and hardened RBCs. From

these experimental results, it was found that the proposed method has the ability to evaluate the

deformability of RBC and blood viscoelasticity under pulsatile blood flow. Furthermore, the

proposed method could be used for precise detection of minor subpopulations of heterogeneous

blood with sufficient accuracy and high-throughput. In the near future, the proposed method

will be employed for evaluating potential damages of blood circulating under an in-vitro closed

fluidic system.

SUPPLEMENTARY MATERIAL

See supplementary material for discrete fluidic circuit model of the proposed microfluidic

system (Fig. S1) and quantitative comparison of time constants (kBRG, kSC) obtained using the

temporal variations of blood velocity in the bridge channel (hUiBRG) and blood-filled width in

co-flowing streams (aBlood) (Fig. S2)
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